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Impacts of warming on 
phytoplankton abundance and 
phenology in a typical tropical 
marine ecosystem
John A. Gittings1, Dionysios E. Raitsos2, George Krokos1 & Ibrahim Hoteit1
In the tropics, thermal stratification (during warm conditions) may contribute to a shallowing of the 
mixed layer above the nutricline and a reduction in the transfer of nutrients to the surface lit-layer, 
ultimately limiting phytoplankton growth. Using remotely sensed observations and modelled datasets, 
we study such linkages in the northern Red Sea (NRS) - a typical tropical marine ecosystem. We assess 
the interannual variability (1998–2015) of both phytoplankton biomass and phenological indices 
(timing of bloom initiation, duration and termination) in relation to regional warming. We demonstrate 
that warmer conditions in the NRS are associated with substantially weaker winter phytoplankton 
blooms, which initiate later, terminate earlier and are shorter in their overall duration (~ 4 weeks). 
These alterations are directly linked with the strength of atmospheric forcing (air-sea heat fluxes) and 
vertical stratification (mixed layer depth [MLD]). The interannual variability of sea surface temperature 
(SST) is found to be a good indicator of phytoplankton abundance, but appears to be less important for 
predicting bloom timing. These findings suggest that future climate warming scenarios may have a two-
fold impact on phytoplankton growth in tropical marine ecosystems: 1) a reduction in phytoplankton 
abundance and 2) alterations in the timing of seasonal phytoplankton blooms.
Tropical regions harbour some of Earth’s most productive and diverse marine ecosystems, which provide impor-
tant services for human populations1. The Red Sea (Fig. 1), the world’s northernmost tropical sea, is an impor-
tant economic asset (via tourism, shipping and fisheries)2–4 and hosts one of the longest coral reef systems on 
Earth, which supports high levels of biodiversity and endemism5. Evidence indicates that the Red Sea, which 
has formerly been classified as a fast-warming Large Marine Ecosystem (LME)6, underwent an abrupt, step-wise 
temperature increase in response to global warming trends, which began in the mid-90s and has persisted until 
the present day7.
In tropical marine ecosystems, warmer conditions may reduce the abundance and primary productivity of 
phytoplankton - microscopic photosynthetic algae that form the base of the marine food web. This decrease 
results from enhanced stratification, less vertical mixing and reduced nutrient supply to the euphotic zone8,9. 
Despite this, warmer climatic conditions (i.e., positive phases of the El Niño Southern Oscillation - ENSO) have 
been linked with higher biomass over a large region of the Red Sea, due to increased (wind-induced) horizontal 
nutrient transport from the Indian Ocean10. The northern Red Sea (NRS, red box in Fig. 1) is unique in the fact 
that it is the only region in the Red Sea that does not emulate this pattern. Instead, phytoplankton dynamics in the 
NRS follow a typical tropical regime, where warmer, stratified conditions contribute to less vertical mixing and a 
reduction in phytoplankton abundance10.
The NRS is characterised by a distinct winter phytoplankton bloom that occurs when colder atmospheric 
conditions contribute to significant heat loss over the region, and convective mixing (overturning) transports 
nutrients from deeper waters into the surface layers11–17. The NRS winter bloom is important for the regional 
ecosystem. For instance, the seasonal increase in abundance may be paramount for zooplankton dynamics 
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(e.g. feeding and maturation), and the reproductive strategies of reef organisms (e.g. molluscs and fish), as already 
highlighted in the Gulf of Aqaba (the northernmost extension of the NRS)18–20.
Phytoplankton abundance and phenology (bloom timing) can be categorised as ‘ecological indicators’ that 
can be used to assess the condition of the pelagic ecosystem21–23. Interannual fluctuations in the timing of phyto-
plankton growth can have far-reaching ecosystem impacts, as the fitness and recruitment of organisms at higher 
trophic levels is ultimately dependent on their temporal synchrony with food availability (match – mismatch 
hypothesis24,25). Previous studies for different oceanic regions have revealed that changes in phytoplankton phe-
nology can negatively impact the survival of commercially important species22,26.
Due to the lack of adequate long-term, in situ biological datasets, the NRS is relatively unexplored in the 
context of large-scale phytoplankton dynamics at an interannual level. One alternative that can be utilised to 
conduct interannual analyses is the use of satellite-derived chlorophyll-a (Chl-a, an index of phytoplankton bio-
mass) datasets27, which provide valuable information about phytoplankton dynamics over long time periods. 
The recent development of the Ocean Colour Climate Change Initiative (OC-CCI) project by the European 
Space Agency (ESA)28 [http://www.esa-oceancolour-cci.org] led to the conception of a high quality, global-scale, 
error-characterised Chl-a time-series, generated by merging datasets from multiple ocean-colour sensors. 
Currently, the OC-CCI dataset is one of the longest (~18 years) and most consistent time-series of Chl-a available, 
and its use may therefore be suitable for assessing the influence of climate-driven alterations on phytoplankton.
In this study, we centre our investigation on elucidating the potential response of phytoplankton dynamics in 
the NRS to regional warming. We use the OC-CCI dataset to assess the long-term interannual variability of both 
phytoplankton abundance (as indexed by total satellite-derived Chl-a concentration) and phenological indices 
(timing of bloom initiation, duration and termination). The mechanistic links between the observed variability 
in phytoplankton dynamics and regional abiotic factors (SST, mixed layer depth [MLD] and air-sea heat fluxes) 
are also explored.
Results
Temporal patterns and links between chlorophyll-a and SST. Based on 18 years of satellite-derived 
Chl-a, we computed the seasonal climatology of phytoplankton biomass and phenology (Fig. 2, see methodol-
ogy). The NRS phytoplankton bloom initiates at the beginning of December, terminates in early April and has a 
mean duration of ~4 months. Highest Chl-a concentrations are detected at the end of January and subsist until 
mid-March, representing the general peak of the bloom. During this period, Chl-a remains high and is generally 
stable. The seasonal climatology of Chl-a is a near-perfect anti-correlation (n = 46, ρ = −0.97, p < 0.000001) of 
the SST seasonal cycle (red line, Fig. 2). Lowest SST coincides with the peak of the bloom and begins to increase at 
the end of March. Maximum SST occurs from mid-July to mid-September, alongside the occurrence of minimum 
Chl-a concentrations.
Figure 1. Map displaying the bathymetry of the Red Sea and geographical location of the northern Red Sea 
province (shown by red box). Figure 1 was produced using the software package MATLAB (version R2015b, 
https://www.mathworks.com).
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The interannual variability of Chl-a is dominated by the seasonal cycle and highest values consistently occur 
during the bloom period defined by the phenology analysis (early-December to early-April, grey-shaded vertical 
bars, Fig. 3a). To remove the seasonality of the time series and clearly isolate interannual events, we produced 
the respective anomalies of Chl-a and SST (Fig. 3b). Substantially reduced winter Chl-a concentrations can be 
observed in 1999 and 2010, which co-occur with warmer winter SSTs (a similar response to elevated winter SST 
anomalies is also evident in 2006, 2013 and 2014, although to a weaker extent, Fig. 3a,b). Oppositely, higher 
Chl-a concentrations (alongside considerably colder SSTs) can be identified in 2007, 2008 and 2012, and appear 
to remain higher over the whole bloom period (Fig. 3). Notably higher Chl-a anomalies occur towards the end of 
the bloom period in 2000, 2001 and 2003 (Fig. 3b), although these events are generally short-lived (2–3 weeks) 
and the corresponding SST anomalies are more variable.
To emphasize the interannual pattern of Chl-a and its relationship with SST, we averaged both parameters 
during the general peak of the bloom (late-January – mid-March, Fig. 4). Several anomalously warm winter peaks 
can be observed in the time series, namely occurring in 1999 and 2010 and to a lesser extent in 2006 and 2014. 
Generally, these years are characterised by some of the weakest winter blooms over the last 18-years. Conversely, 
2000, 2007 and 2012 (the coldest winter periods) co-occur with the most intense bloom peaks. Overall, a clear, 
Figure 2. Seasonal climatology of satellite-derived Chl-a and sea surface temperature (based on 8-day 
composites) in the northern Red Sea averaged over the period 1998–2015. Grey shading represents +/− 
one standard error for both parameters. The grey-dashed vertical lines represent the average timings of 
phytoplankton bloom initiation and termination for the period 1998–2015.
Figure 3. (a) Time series of satellite-derived Chl-a concentration and sea surface temperature (8-day averages) 
for the northern Red Sea (1998–2015). (b) Time series of corresponding satellite-derived Chl-a and SST 
anomalies (observed value minus overall mean). Grey-shaded vertical bars represent the bloom period (early- 
December – early-April) defined by the phenology analysis (Fig. 2).
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significant, negative relationship between Chl-a and SST can be observed at both seasonal (Fig. 2) and interan-
nual (Figs 3 and 4) scales.
Spatial patterns of phytoplankton phenology under warmer scenarios. To investigate the 
response of the ecosystem to ‘warmer’ conditions in the NRS, we created spatial composites of phenology indices 
(initiation, duration and termination) by averaging all of the warmer/colder years of the study period (based on 
Fig. 4). Years when SST was not evidently above/below average (e.g. 2001, 2002, 2005 and 2009) were not used to 
generate the composite images. The resultant maps (Fig. 5) display the differences between these composites and 
are representative of the response of phytoplankton phenology to warmer scenarios. Under warmer conditions, 
bloom initiation across most of the NRS occurs later (~1–4 week delay). Both bloom duration and termination 
exhibit a similar, and perhaps more striking response during warmer phases; termination and duration are, on 
average, 4 weeks earlier/shorter respectively across the majority of NRS (Fig. 5b,c). The exception to this is the 
south/southeast region of the NRS, where the response varies from no change to longer bloom duration and 
delayed termination (~2–3 weeks). No change in bloom initiation can be identified in the northeast region of the 
NRS and to a lesser extent in the southeast.
Physical controls on phytoplankton abundance and phenology. We have highlighted the interan-
nual oscillations in phytoplankton biomass, corresponding links with SST and the identification of distinct warm 
and cold years. Furthermore, we have assessed the impact of warmer conditions on phytoplankton bloom timing. 
In order to further develop these findings in a physical context, we examined the relationships between Chl-a 
concentration, vertical temperature profiles (based on outputs acquired from the MIT general circulation model - 
see methodology) and the corresponding MLD (Fig. 6).
Anomalously warm SSTs during the winter bloom peaks of 1999, 2006 and 2010 (Fig. 4) are accompanied by 
similarly elevated temperatures (~23.5–24 °C) in the upper 100 metres of the water column and shallower MLD 
(80–120 metres, solid black line, Fig. 6a). In contrast, cooler temperatures (~21–21.6 °C) in 2000, 2007 and 2012 
parallel a substantial deepening of the MLD (~180–250 metres, Fig. 6a). The Chl-a response to variations in the 
MLD is apparent, as represented by the moderately strong, positive correlation (n = 192, ρ = 0.29, p = 0.00005) 
between monthly Chl-a and MLD anomalies (Fig. 6b).
To investigate whether the interannual variability of Chl-a concentration is related to density changes driven 
by warming/cooling of the surface layers, we examined the relationships between the average winter (October – 
April) anomalies of air-sea heat-fluxes, MLD and Chl-a in the NRS (Fig. 7). This period was chosen in order to 
encapsulate the period of preconditioning in early winter when vertical mixing may have only just started to 
occur. Negative heat-flux anomalies are significantly correlated with a shallower MLD (n = 13, ρ = 0.77, p = 0.003) 
and lower Chl-a anomalies (n = 15, ρ = 0.66, p = 0.009), whilst a shallower MLD is significantly associated with 
decreased winter Chl-a concentrations (n = 16, ρ = 0.64, p = 0.009).
Based on the response of phytoplankton phenology to warmer conditions (Fig. 5), we explored further the 
potential influence of physical variables in controlling phytoplankton bloom timing. Anomalies of MLD and 
heat flux (averaged over the periods characterising each phenological index [initiation: October – December, 
duration: October – April, termination: February – April]) were plotted against corresponding annual phenol-
ogy anomalies (Fig. 8). Note that the threshold method27,29 was unable to detect the occurrence of clear bloom 
timings in 2010, and this year was thus excluded from the analysis. The reasons for this will be discussed in the 
following section. Results show a negative relationship between bloom initiation anomalies and both MLD/heat 
flux (although this is relatively weak and not significant for MLD, Fig. 8). Highly significant, positive relation-
ships occur between phytoplankton bloom duration anomalies and MLD/heat flux (Fig. 8). Analogous results 
are also revealed by the relationships between termination anomalies and MLD/heat flux (Fig. 8). We note that 
relationships between phenological indices and SST were also tested (results not shown). SST is uncorrelated with 
bloom initiation and duration anomalies, but exhibits a strong, significant correlation with termination anomalies 
(n = 17, ρ = − 0.69, p = 0.002).
Figure 4. Time series of satellite-derived Chl-a and sea surface temperature anomalies (observed value minus 
overall mean) averaged over the general peak of the phytoplankton bloom period (late-January – late-March, 
Fig. 2).
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Figure 5. Maps of the northern Red Sea displaying differences between phytoplankton phenology indices 
generated for ‘warm’ (1999, 2006, 2010, 2011, 2013, 2014, 2015) and cold (1998, 2000, 2003, 2004, 2007, 2008, 
2012) years of the study period (based on the analysis presented in Fig. 4). These maps are representative of 
the phenology response during ‘warm’ climate conditions over the northern Red Sea region. During warmer 
periods, the initiation of phytoplankton growth is delayed by ~1–4 weeks and terminates up to 4 weeks earlier, 
ultimately leading to a shorter bloom duration overall. Figure 5 was produced using the software package 
MATLAB (version R2015b, https://www.mathworks.com).
Figure 6. (a) Contour plot displaying vertical temperature profiles and mixed layer depth (MLD) in the 
northern Red Sea for the period 1998–2014. (b) Monthly anomalies of satellite-derived Chl-a concentrations 
and modelled mixed layer depth anomalies for the equivalent period. Positive MLD anomalies represent deeper 
mixing conditions.
Figure 7. Winter (October – April) satellite-derived Chl-a anomalies (left y-axis) plotted against standardised 
winter anomalies of mixed layer depth and heat flux (right y-axis). Physical variables are presented as 
standardised anomalies for the purpose of plotting them on a single axis.
www.nature.com/scientificreports/
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Discussion
We examined the interannual variability of phytoplankton abundance and the timing of events for the first time 
in the NRS. Our results reveal that phytoplankton biomass is coupled with SST at seasonal and interannual times-
cales (Figs 2, 3 and 4), signifying that colder SSTs are a useful indicator of convection events that contribute to 
elevated nutrients in the surface layer and increased phytoplankton biomass.
Inclusively, the interannual variability of Chl-a concentrations is determined by the strength of vertical mixing 
in the water column (Figs 6b and 7). Recent studies in the NRS have highlighted the importance of air-sea heat 
exchanges in vertical mixing and the ventilation of the deep layers30. The variability of vertical mixing is largely 
related to density changes (through buoyancy forcing by net heat fluxes) that drive the variability of the mixed 
layer (Fig. 7). These changes are manifested as direct heat exchanges (i.e. cooling/warming of the surface layers) 
and indirectly through latent (evaporative) heat fluxes that increase salinity. Years characterised by reduced Chl-a 
(e.g. 1999 and 2010) coincide with elevated surface temperatures (~1–1.5 °C higher than average) and a remarka-
bly shallower MLD following weaker air-sea heat fluxes (Figs 3, 4, 6 and 7). As nutrient concentrations generally 
increase with depth31,32, a relaxation of vertical mixing reduces nutrient supply to the euphotic zone, diminishing 
phytoplankton productivity. Inversely, stronger mixing events that penetrate deeper in the water column will 
replenish nutrients in the surface layer, inducing more intense phytoplankton blooms. These results are supported 
by Calbert et al.33 who demonstrated that bloom initiation in the central Red Sea likely occurs following MLD 
deepening and the entrainment of nutrients into the upper layer, allowing seed populations to flourish rapidly. 
Figure 8. Scatterplots of spatially averaged mixed layer depth and heat flux anomalies vs. annual anomalies 
of phytoplankton phenology metrics i.e., bloom initiation, duration and termination. The red lines represent 
the linear regression between the two variables. Mixed layer depth and heat flux anomalies were averaged over 
periods corresponding to each phenology metric (initiation: October – December, duration: October - April, 
termination: February - April). The mixed layer depth and heat flux data were available for the periods 1998–
2013 and 2001–2015 respectively.
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In addition, Genin et al.34 reported that 96% of the interannual variability found in winter Chl-a concentration 
in the Gulf of Aqaba, over an 8-year period, could be explained by variations in air-sea heat fluxes, which control 
the maximum depth of mixing.
We note that other physical factors may contribute to the transport of nutrients to the surface layer and the 
subsequent stimulation of phytoplankton growth in the NRS. Rigorous eddy activity in the Red Sea35,36 and espe-
cially the presence of a distinct cyclonic gyre between 26°N and 27°N in the NRS has been reported in previous 
works13,37,38. Cyclonic activity is known to stimulate the upwelling of nutrients from deeper waters to the surface 
layer. The intensity of the cyclonic circulation depends on density gradients that are directly related to air sea 
exchanges. Thus, both mechanisms (convective mixing and cyclonic activity) are to some degree controlled by 
air-sea heat fluxes and may act to transport nutrients from deeper waters to the surface layer39. Papadopoulos 
et al.15 described how an increase in the NRS cyclonic gyre intensity leads to persistent upwelling, prolonged 
negative SST anomalies (colder temperatures), ultimately contributing to stronger phytoplankton blooms in the 
following winter when convective mixing occurs. These findings are consistent with our analysis and also explain 
why the strongest atmospheric forcing (e.g. in 2003, Fig. 7) may not always co-occur with the deepest MLD or the 
strongest phytoplankton blooms.
Maximum winter SSTs in 1999 and 2010 are associated with reduced heat exchanges with the atmosphere 
(heat flux data not available for 1999), the shallowest MLDs and lowest Chl-a concentrations throughout the time 
series (Figs 3, 4 and 7). These years may represent a delayed response to positive ENSO phases that occurred in 
the preceding years. The 1997/98 El Niño was one of the largest to occur in the 20th century, whilst the 2009/10 
El Niño was associated with record-breaking SSTs in the central Pacific Ocean40,41. Through ENSO teleconnec-
tions, global air temperatures may take up to six months to increase after an El Niño event42,43 and the warming 
response of the Red Sea to rising air temperatures has been shown to be lagged by approximately one month7. 
Thus, a ~7–8 month lag in the NRS SST response following an El Niño event is reasonable, and may explain the 
high temperatures and limited mixing observed in the winters of these years. Indeed, positive ENSO phases have 
been linked with increased stratification, a deepening of the nutricline and reduced Chl-a concentrations in other 
tropical regions such as the Equatorial Pacific and western Indian Oceans8,44,45. Due to the exceptionally high 
temperatures and limited mixing in 2010, we were unable to compute phenology metrics for the 2010 bloom. 
Visual analysis of the 2010 seasonal time series (figure not shown) confirmed that no discernible bloom could be 
identified during this year. It is worth noting that the NRS may be affected by other climatic modes. For instance, 
Papadopoulos et al.46 demonstrated that extreme winter heat loss events over the NRS are associated with the 
eastern Mediterranean lower-atmospheric circulation, which in turn may be partially controlled by the North 
Atlantic Oscillation (NAO). However, further investigation is required in order to fully elucidate the interactions 
between different climate modes and heat exchanges over the NRS.
The observed timings of the bloom peak (late-January - mid-March) and termination (early-April, Fig. 2) 
are consistent with the findings of Racault et al.29, who computed phenological indices for a small region in the 
central NRS. However, our evaluation of the average bloom initiation (early December) is later in comparison to 
the aforementioned study, which indicated that initiation occurs in November. The discrepancy between the two 
studies can probably be explained by differences in the threshold criteria used for the computation of the pheno-
logical indices. The use of a higher threshold criterion in our study (15% instead of the 5% threshold utilised in 
Racault et al.29, Siegel et al.47 and other literature, see methodology) likely resulted in a more delayed initiation 
estimate, as more time is required for Chl-a concentrations to exceed the specified threshold value.
Over the last 40 years, the global oceans have warmed at a rate of ~0.1 °C per decade in the upper water col-
umn48 and increasing Northern Hemisphere temperatures have been directly linked with the abrupt warming of 
the Red Sea7. Our results signify that phytoplankton phenology in the NRS is altered under such warmer climate 
scenarios. A delayed initiation under warm conditions (~1–4 weeks, Fig. 5a) is likely related to the time it takes 
for required buoyancy forcing to deepen the mixed layer to depths where nutrients are abundant enough to sus-
tain phytoplankton growth. Warmer winters, characterised by weak atmospheric forcing, will increase the time 
required for sea-surface cooling to drive mixing at sufficient depths and re-distribute nutrients to the surface. 
Contrariwise, during cooler winters, increased air-sea heat fluxes and colder temperatures are likely to subsist at 
the commencement of the winter period, contributing to an earlier induction of convective mixing and an earlier 
phytoplankton bloom. Our analysis supports this theory, as bloom initiation anomalies are negatively correlated 
with the interannual variability of atmospheric forcing (i.e. weaker heat flux corresponds to later bloom initiation, 
Fig. 8). The relationship between phenology and heat flux/MLD is also evident in the termination of the bloom: 
warm (cold) winters associated with reduced (elevated) heat fluxes and shallower (deeper) MLDs are significantly 
linked to phytoplankton blooms that terminate earlier (later, Fig. 8). Weak vertical mixing during warmer win-
ters contributes to low nutrient concentrations that will be quickly consumed by phytoplankton, thus restricting 
the period of phytoplankton growth. Furthermore, the onset of re-stratification and the shallowing of the MLD 
will occur more rapidly under warmer conditions, inhibiting the vertical transport of nutrients into the surface 
layer earlier. In consideration of this, a shortening of the bloom duration in response to warming is a logical 
consequence of shifts in the timing of initiation and termination, which themselves, are ultimately reliant on the 
inception of winter mixing and the onset of post-winter re-stratification respectively. This is comparable with the 
global analysis of Racault et al.27, who found that the duration of phytoplankton growth in the subtropical gyres of 
the Southern Hemisphere is dependent on both the timing of bloom initiation and termination.
Despite the clear negative trend, the lack of any significant relationship between MLD and bloom initiation 
anomalies (Fig. 8) may be attributed to the possibility that MLD dynamics are highly spatially heterogeneous. The 
commencement of convection and mixing are usually localised events limited to specific areas and both enable 
the vertical redistribution of nutrients. Thus, the strength of our statistical relationships could be affected by the 
spatial averaging of the MLD over the entire NRS, masking local convection events. Furthermore, the intrusion of 
water masses from the southeast may locally affect the MLD, also impacting spatially averaged values.
www.nature.com/scientificreports/
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Although SST is a good indicator of overall phytoplankton biomass (Figs 2, 3 and 4), our results suggest that 
it is not as representative of changes in bloom timing in the NRS. For instance, SST anomalies only exhibited a 
strong, negative relationship with anomalies of bloom termination (results not presented). While the reasons for 
this are yet to be fully understood, we speculate that fluctuations in SST during the termination period (February – 
April) strongly reflect the onset of re-stratification during spring, which inhibits the re-distribution of nutrients 
to the surface layer. This may contrast to the initiation period (October – December), when SST anomalies are 
not able to capture the preconditioning phase of vertical mixing, which has not yet reached the surface layers. The 
lack of a relationship between SST anomalies and bloom duration could be explained by the fact that SST is more 
variable in comparison to heat fluxes or MLD. For example, SST has been shown to also depend on the general 
cyclonic circulation in the NRS15, the vigorous and highly variable eddy activity35,36, and the lateral advection of 
water masses from neighbouring regions following the general Red Sea circulation13,16. Thus, changes in MLD 
due to atmospheric forcing may occur alongside SST conditions that are discrepant with expected scenarios. 
This has been observed in other oceanic regions, such as the North Atlantic subpolar gyre, where a deeper MLD 
co-occurred in response to positive phases of the NAO, despite the presence of warmer SSTs49.
The contrasting spatial response of bloom termination and duration to warmer conditions between the north 
and southeast NRS (Fig. 5b,c) is an interesting result of our study. This contrast may directly reflect the regional 
dynamics related to the general circulation of the NRS as a response to atmospheric forcing. Density differences 
related to the north-south gradient of buoyancy forcing drive a general cyclonic circulation in the NRS13. This 
leads to the intrusion of fresher water masses from the south, which are transported northward into the NRS via 
a prominent eastern boundary current13,16. This intrusion is evident in the study of Raitsos et al.10 (their Fig. 3c,d) 
who analysed the response of Red Sea Chl-a to the Arabian monsoon. Thus, in contrast to the north/northwest 
region that is influenced by the vertical transport of nutrients from deeper layers, phytoplankton phenology in 
the southeast NRS may be partially controlled by the intrusion of fresher water masses from the south. Similarly, 
there may be potential losses of nutrients and phytoplankton over the open boundary in the western NRS. As 
our computations of phenology indices are based on area-averaged Chl-a concentrations for the whole NRS, we 
acknowledge that the inclusion of the southeast NRS could impact the results of our analysis. Despite this, we 
capture the overall signal of phytoplankton abundance and phenology using area-averaged values, and the rela-
tionships between phenology and air-sea heat flux/MLD are fairly robust (Fig. 8).
Overall, during warmer conditions (which are characterised by lower heat fluxes and more stratified condi-
tions), the NRS phytoplankton bloom initiates ~1–4 weeks later, is ~4 weeks shorter in duration, and terminates 
~4 weeks earlier (Figs 5 and 8). The NRS has been reported to be the fastest warming region in the Red Sea and 
is warming approximately four times faster than the average global ocean warming rate50. In consideration of 
this, as well as a potential increase in the frequency of extreme El Niño events51, there is a possibility of a two-fold 
impact of warmer climate scenarios on phytoplankton dynamics in the NRS: 1) a decrease in overall phytoplank-
ton abundance; and 2) changes in the timing of the seasonal phytoplankton bloom. In coral reef ecosystems, 
phytoplankton is a direct food source for sponges52, bi-valves53 and pelagic larvae54. Thus, a reduction in food 
availability (quantity and time) may have severe ramifications for higher trophic levels in NRS coral reef com-
plexes. Elevated temperatures in other reef ecosystems have been related to a significant reduction in Chl-a con-
centrations. For instance, a study in French Polynesia revealed a 50% reduction in fish larval supply to the reef due 
to increased larval mortality55 associated with lower Chl-a concentrations. Analogous impacts may occur in the 
NRS coral reefs, potentially affecting the recruitment of reef organisms and regional biodiversity. The ecological 
impacts of alterations in phytoplankton phenology could be manifested in numerous ways. The survival of higher 
trophic levels may be detrimentally impacted due to the mismatch between the timing of food availability (phy-
toplankton) and the presence of planktonic larvae56,57. A difference of 2–3 weeks in bloom phenology may inhibit 
the survival of herbivorous zooplankton and fish in subtropical regions58. A resultant decline in the survival 
and recruitment of larvae may occur if the initiation or termination of the bloom begins to occur later or earlier 
respectively, and larval spawning continues to match the original timing of the bloom prior to warming59. In light 
of this, if phytoplankton phenology in the NRS is altered more drastically in conjunction with current climate 
change trends, the potential ensuing negative impacts on commercially important species may be detrimental for 
human populations that depend on coastal fisheries resources for their sustenance and economy.
Methodology
Study area. Geographical limits of the NRS were chosen based on the Red Sea biological provinces presented in 
Raitsos et al.12 and are defined as 33°E–37°E and 25.5°N–27.8°N (red box in Fig. 1). For the purpose of this study, the 
Gulfs of Aqaba and Suez were not included in the analysis as they are regionally controlled by different dynamics60.
Bathymetry data. Gridded bathymetry data used for the generation of Fig. 1 were acquired from the 
General Bathymetric Chart of the Oceans (GEBCO_2014 Grid, version 20150318, http://www.gebco.net).
Satellite ocean-colour data. Version 3.1 of the ESA OC-CCI product28 was used in this study. This product 
consists of merged and bias-corrected Chl-a data from the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS), 
Moderate Resolution Imaging Spectroradiometer (MODIS), Medium Resolution Imaging Spectrometer (MERIS) 
and Visible Infrared Imaging Radiometer Suite (VIIRS) satellite sensors. Level 3, mapped data were acquired at a 
spatial resolution of 4 km, and 8-day and monthly temporal resolutions from http://www.esa-oceancolour-cci.org, 
for the period January 1998 – December 2015. Satellite-derived Chl-a concentrations, before being spatially aver-
aged over the NRS, were further evaluated and observable outliers were removed following a one-by-one visual 
inspection. We note that remotely sensed observations of Chl-a concentration in optically complex waters may be 
impacted by the presence of other optical constituents, such as coloured dissolved organic matter. However, com-
parisons with in situ data have demonstrated that remotely sensed datasets perform reasonably well in the Red 
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Sea61, even in the optically complex coastal regions29,36. Thus, we are confident in the use of remotely sensed Chl-a 
data for studying interannual phytoplankton variability and phenology in the Red Sea. For further information, 
the reader is referred to previous literature regarding the OC-CCI product28,62 and its previous applications in the 
Red Sea and adjacent Arabian Sea29,61,63,64. In addition, we refer the reader to the OC-CCI Product User Guide at 
http://www.esa-oceancolour-cci.org/?q = webfm_send/318 for a more extensive overview of processing, sensor 
merging and uncertainty quantification.
Estimation of phytoplankton phenological indices. The annual phenological indices of the seasonal 
phytoplankton bloom were estimated using the threshold criterion method27,29,65. The threshold criterion method 
is centred on the concept that the occurrence of a phytoplankton bloom corresponds to a significant increase in 
satellite-derived Chl-a above ‘normal’ concentrations47.
First, for the estimation of phytoplankton phenology indices, Chl-a data (8-day temporal resolution) from the 
original time series were isolated for the period spanning September 14th 1997 – September 6th 2015. Missing data 
due to the removal of outliers in the Chl-a time series were filled in using linear interpolation. The interpolation 
method used was based on the MATLAB subroutine inpaint_nans66, which interpolates missing data using a lin-
ear least squares approach67. It is worth mentioning that we tested an alternative method to fill in missing values 
using the 8-day climatological mean. No substantial differences were observed between the two methodologies, 
providing us with confidence in the use of our interpolation method. Visual inspection of the Chl-a seasonal 
cycle was then conducted for each year and a threshold criterion, defined as the median + 15% (computed based 
on the whole 18-year Chl-a time series), was selected. This threshold was found to be the most representative for 
capturing the initiation, duration and termination of the bloom for almost every year during the 18-year period 
(excluding 2010 when no clear phytoplankton bloom could be detected). We note that various thresholds have 
been utilised in different phenology studies [e.g.27,29,68] and the choice of threshold criterion is generally arbitrary 
and may depend on the type of analysis (e.g. interannual or climatological).
Next, Chl-a anomalies were computed by subtracting the threshold value from the annual time series and the 
cumulative sums of the anomalies were then produced. An increasing (decreasing) trend in the cumulative sums 
of anomalies represents periods when Chl-a concentrations rise above (below) the threshold value. The gradient 
of the cumulative sums of anomalies was then used to identify the transition points between increasing and 
decreasing trends. The timing of bloom initiation corresponded to the 8-day period when Chl-a concentrations 
first rose above the threshold criterion (i.e. when the derivative of the time series first changed sign). Similarly, 
bloom termination was computed as the time when the derivative first changed sign following the occurrence 
of the maximum Chl-a concentration in the time series (the bloom peak). Bloom duration corresponded to the 
number of 8-day periods between initiation and termination. The annual anomalies of the phenological indices 
were calculated by subtracting each index from the overall mean. The above technique was also applied on a 
pixel-by-pixel basis to reveal spatial patterns in phytoplankton phenology (see Fig. 5). In this case, pixels that may 
represent shallower, more optically complex coastal waters were removed from the analysis (coastal pixels were 
defined as <100 metres based on the GEBCO gridded bathymetry dataset). For convenience, 8-day periods are 
referred to as ‘weeks’ throughout the manuscript.
SST data. A level 4, gap-free, blended SST dataset (GHRSST AVHRR_OI), downloaded from https://podaac.
jpl.nasa.gov was used to investigate the relationship between Chl-a and SST in the NRS. This global SST product 
utilises data obtained from the Advanced Very High Resolution Radiometer (AVHRR) Pathfinder (V5) time 
series, combined with in situ ship and buoy observations. Data were acquired at a daily temporal resolution and 
mapped on a grid with a spatial resolution of 0.25° by 0.25°. Daily data were spatially averaged over the NRS and 
temporally averaged over 8-day periods to match the corresponding Chl-a remotely sensed dataset.
Modelled data. Outputs acquired from the high resolution (~1.8 km) MIT general circulation ocean model 
(MITgcm), specifically designed to study the general circulation of the Red Sea16,69, were used to generate the ver-
tical profiles of temperature in the NRS. The model covers the entire Red Sea and part of the Gulf of Aden, and was 
forced with reanalysis atmospheric data from the National Centers for Environmental Prediction (NCEP)16,70. It has 
successfully been used to describe the overturning circulation in the Red Sea and was further used for analysing the 
seasonal variability of the energetic mesoscale activity of the basin35. Estimations of the mean MLD, averaged across 
the whole NRS, were acquired using a temperature-difference based criteria. Commonly used values lie in the range 
of 0.01–1.0 °C for potential temperature71. For this study, a threshold value of 0.125 °C was chosen. To represent the 
overall temperature profile of the NRS, mean profiles were extracted and spatially averaged over the whole study area.
Modelled outputs of heat exchanges with the atmosphere were acquired from a high resolution (10 km), 
assimilated atmospheric product, developed at KAUST using the Advanced Research – Weather Research and 
Forecasting atmospheric model72,73. The model simulations were performed on a two-way nested domain (30 km 
and 10 km resolution) that covers the Red Sea and its adjacent regions. Initial and boundary conditions were 
acquired from the NCEP Final Analysis product70. Comparisons with in situ and other gridded data products 
have shown that this product successfully reproduces spatiotemporal patterns of wind, temperature and sea level 
pressure over the Red Sea72,74.
Data analysis. Correlation analyses were used to statistically investigate relationships between datasets. 
Datasets were tested for normality using a one-sample Kolmogorov-Smirnov test. Following this, relationships 
between datasets were tested using either the Pearson Product Moment correlation or Spearman’s Rank correla-
tion. All analyses of modelled and satellite datasets were conducted using the software package MATLAB (version 
R2015b, https://www.mathworks.com).
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Data availability. The datasets of air-sea heat flux and mixed layer depth analysed during the current study 
are available from the corresponding author on reasonable request. Bathymetry, ocean colour and sea surface 
temperature datasets are freely available at http://www.gebco.net, http://www.esa-oceancolour-cci.org and https://
podaac.jpl.nasa.gov respectively.
References
 1. Peters, E. C., Gassman, N. J., Firman, J. C., Richmond, R. H. & Power, E. A. Ecotoxicology of tropical marine ecosystems. Environ. 
Toxicol. Chem. 16(1), 12–40, https://doi.org/10.1002/etc.5620160103 (1997).
 2. El Mamoney, M. H. & Khater, A. E. Environmental characterization and radio-ecological impacts of non-nuclear industries on the 
Red Sea coast. J. Environ Radioactiv. 73(2), 151–168 (2004).
 3. Gladstone, W., Curley, B. & Shokri, M. R. Environmental impacts of tourism in the Gulf and the Red Sea. Mar. Pollut. Bull. 72(2), 
375–388, https://doi.org/10.1016/j.marpolbul.2012.09.017 (2013).
 4. Head, S. M. Corals and coral reefs of the Red Sea. Red Sea, 128–151 (1987).
 5. Berumen, M. L. et al. The status of coral reef ecology research in the Red Sea. Coral Reefs 32(3), 737–748, https://doi.org/10.1007/
s00338-013-1055-8 (2013).
 6. Belkin, I. M. Rapid warming of large marine ecosystems. Prog. Oceanogr. 81(1), 207–213, https://doi.org/10.1016/j.
pocean.2009.04.011 (2009).
 7. Raitsos, D. E. et al. Abrupt warming of the Red Sea. Geophys. Res. Lett. 38(14), https://doi.org/10.1029/2011GL047984 (2011).
 8. Behrenfeld, M. J. et al. Climate-driven trends in contemporary ocean productivity. Nature 444(7120), 752, https://doi.org/10.1038/
nature05317 (2006).
 9. Doney, S. C. Oceanography: Plankton in a warmer world. Nature 444(7120), 695–696, https://doi.org/10.1038/444695a (2006).
 10. Raitsos, D. E. et al. Monsoon oscillations regulate fertility of the Red Sea. Geophys. Res. Lett. 42(3), 855–862, https://doi.
org/10.1002/2014GL062882 (2015).
 11. Acker, J., Leptoukh, G., Shen, S., Zhu, T. & Kempler, S. Remotely-sensed chlorophyll a observations of the northern Red Sea indicate 
seasonal variability and influence of coastal reefs. J. Marine Syst. 69(3), 191–204, https://doi.org/10.1016/j.jmarsys.2005.12.006 (2008).
 12. Raitsos, D. E., Pradhan, Y., Brewin, R. J., Stenchikov, G. & Hoteit, I. Remote sensing the phytoplankton seasonal succession of the 
Red Sea. PloS one 8(6), https://doi.org/10.1371/journal.pone.0064909 (2013).
 13. Sofianos, S. S. & Johns, W. E. An oceanic general circulation model (OGCM) investigation of the Red Sea circulation: 2. Three‐
dimensional circulation in the Red Sea. J. Geophys. Res. Oceans 108(C3), https://doi.org/10.1029/2001JC001185 (2003).
 14. Triantafyllou, G. et al. Exploring the Red Sea seasonal ecosystem functioning using a three‐dimensional biophysical model. J. 
Geophys. Res. Oceans 119(3), 1791–1811, https://doi.org/10.1002/2013JC009641 (2014).
 15. Papadopoulos, V. P. et al. Factors governing the deep ventilation of the Red Sea. J. Geophys. Res. Oceans 120(11), 7493–7505, https://
doi.org/10.1002/2015JC010996 (2015).
 16. Yao, F. et al. Seasonal overturning circulation in the Red Sea: 2. Winter circulation. J. Geophys. Res. Oceans 119(4), 2263–2289, 
https://doi.org/10.1002/2013JC009331 (2014).
 17. Abualnaja, Y. et al. Impacts of climate modes on air–sea heat exchange in the Red Sea. J. Climate 28(7), 2665–2681, https://doi.
org/10.1175/JCLI-D-14-00379.1 (2015).
 18. Popper, D. & Fishelson, L. Ecology and behavior of Anthias squamipinnis (Peters, 1855)(Anthiidae, Teleostei) in the coral habitat of 
Eilat (Red Sea). J. Exp. Zool. 184(3), 409–423, https://doi.org/10.1002/jez.1401840314 (1973).
 19. Richter, C., Roa-Quiaoit, H., Jantzen, C., Al-Zibdah, M. & Kochzius, M. Collapse of a new living species of giant clam in the Red Sea. 
Curr. Biol. 18(17), 1349–1354, https://doi.org/10.1016/j.cub.2008.07.060 (2008).
 20. Schnack-Schiel, S. B. et al. Population dynamics and life strategies of Rhincalanus nasutus (Copepoda) at the onset of the spring 
bloom in the Gulf of Aqaba (Red Sea). J. Plankton Res. 30(6), 655–672, https://doi.org/10.1093/plankt/fbn029 (2008).
 21. Racault, M. F. et al. Plankton indicators and ocean observing systems: support to the marine ecosystem state assessment. J. Plankton 
Res. 36(3), 621–629, https://doi.org/10.1093/plankt/fbu016 (2014).
 22. Platt, T., Fuentes-Yaco, C. & Frank, K. T. Spring algal bloom and larval fish survival. Nature 423(6938), 398, https://doi.
org/10.1038/423398b (2003).
 23. Platt, T. & Sathyendranath, S. Ecological indicators for the pelagic zone of the ocean from remote sensing. Remote Sens. Environ. 
112(8), 3426–3436, https://doi.org/10.1016/j.rse.2007.10.016 (2008).
 24. Cushing, D. H. The natural regulation of fish populations. In Sea Fisheries Research (ed. Harden Jones, F.R) 399–412 (Elek Science, 
London, 1974).
 25. Winder, M. & Schindler, D. E. Climate change uncouples trophic interactions in an aquatic ecosystem. Ecology 85(8), 2100–2106, 
https://doi.org/10.1890/04-0151 (2004).
 26. Koeller, P. et al. Basin-scale coherence in phenology of shrimps and phytoplankton in the North Atlantic. Ocean. Science 324(5928), 
791–793, https://doi.org/10.1126/science.1170987 (2009).
 27. Racault, M. F., Le Quéré, C., Buitenhuis, E., Sathyendranath, S. & Platt, T. Phytoplankton phenology in the global ocean. Ecol. Indic. 
14(1), 152–163, https://doi.org/10.1016/j.ecolind.2011.07.010 (2012).
 28. Sathyendranath, S. et al. Creating an ocean-colour time series for use in climate studies: the experience of the ocean-colour climate 
change initiative. Remote. Sens. Environ. Under review.
 29. Racault, M. F. et al. Phytoplankton phenology indices in coral reef ecosystems: Application to ocean-color observations in the Red 
Sea. Remote Sens. Environ. 160(222), 234, https://doi.org/10.1016/j.rse.2015.01.019 (2015).
 30. Papadopoulos, V. P. et al. Atmospheric forcing of the winter air–sea heat fluxes over the northern Red Sea. J. Climate 26(5), 
1685–1701, https://doi.org/10.1175/JCLI-D-12-00267.1 (2013).
 31. Reiss, Z. & Hottinger, L. The Gulf of Aqaba, Ecological micropaleontology. 354 (Springer-Verlag, Berlin, 1984).
 32. Felis, T., Pätzold, J., Loya, Y. & Wefer, G. Vertical water mass mixing and plankton blooms recorded in skeletal stable carbon isotopes 
of a Red Sea coral. J. Geophys. Res. 103, 30–731 (1998).
 33. Calbet, A. et al. Heterogeneous distribution of plankton within the mixed layer and its implications for bloom formation in tropical 
seas. Sci. Rep. 5, https://doi.org/10.1038/srep11240 (2015).
 34. Genin, A., Lazar, B. & Brenner, S. Vertical mixing and coral death in the Red Sea following the eruption of Mount Pinatubo. Nature 
377(6549), 507 (1995).
 35. Zhan, P., Subramanian, A. C., Yao, F. & Hoteit, I. Eddies in the Red Sea: A statistical and dynamical study. J. Geophys. Res. Oceans 
119(6), 3909–3925, https://doi.org/10.1002/2013JC009563 (2014).
 36. Raitsos, D. E. et al. Sensing coral reef connectivity pathways from space. Sci. Rep. 7, 9338, https://doi.org/10.1038/s41598-017-
08729-w (2017).
 37. Clifford, M., Horton, C., Schmitz, J. & Kantha, L. H. An oceanographic nowcast/forecast system for the Red Sea. J. Geophys. Res. 
Oceans 102(C11), 25101–25122, https://doi.org/10.1029/97JC01919 (1997).
 38. Sofianos, S. S. & Johns, W. E. Observations of the summer Red Sea circulation. J. Geophys. Res. Oceans 112(C6), https://doi.
org/10.1029/2006JC003886 (2007).
 39. McGillicuddy, D. J. & Robinson, A. R. Eddy-induced nutrient supply and new production in the Sargasso Sea. Deep Sea Res. Pt. I 
44(8), 1427–1450, https://doi.org/10.1016/S0967-0637(97)00024-1 (1997).
www.nature.com/scientificreports/
1 1SciEnTific REPoRTS |  (2018) 8:2240  | DOI:10.1038/s41598-018-20560-5
 40. Hackert, E. C., Busalacchi, A. J. & Murtugudde, R. A wind comparison study using an ocean general circulation model for the 
1997–1998 El Niño. J. Geophys. Res. Oceans 106(C2), 2345–2362, https://doi.org/10.1029/1999JC000055 (2001).
 41. Kim, W., Yeh, S. W., Kim, J. H., Kug, J. S. & Kwon, M. The unique 2009–2010 El Niño event: A fast phase transition of warm pool El 
Niño to La Niña. Geophys. Res. Lett. 38(15), https://doi.org/10.1029/2011GL048521 (2011).
 42. Trenberth, K. E., Caron, J. M., Stepaniak, D. P. & Worley, S. Evolution of El Niño–Southern Oscillation and global atmospheric 
surface temperatures. J. Geophys. Res. Atmos. 107(D8), https://doi.org/10.1029/2000JD000298 (2002).
 43. Alexander, M. A., Bladé, I., Newman, M., Lanzante, J. R., Lau, N. C. & Scott, J. D. The atmospheric bridge: The influence of ENSO 
teleconnections on air–sea interaction over the global oceans. J. Climate 15(16), 2205–2231, https://doi.org/10.1175/15200442 
(2002)015<2205:TABTIO>2.0.CO;2 (2002).
 44. Martinez, E., Antoine, D., D’Ortenzio, F. & Gentili, B. Climate-driven basin-scale decadal oscillations of oceanic phytoplankton. 
Science 326(5957), 1253–1256, https://doi.org/10.1126/science.1177012 (2009).
 45. Racault, M. F., Sathyendranath, S., Menon, N. & Platt, T. Phenological responses to ENSO in the global oceans. Surv. Geophys. 38(1), 
277–293, https://doi.org/10.1007/s10712-016-9391-1 (2017).
 46. Papadopoulos, V. P. et al. Atmospheric forcing of the winter air–sea heat fluxes over the northern Red Sea. J. Climate 26(5), 
1685–1701, https://doi.org/10.1175/JCLI-D-12-00267.1 (2013).
 47. Siegel, D. A., Doney, S. C. & Yoder, J. A. The North Atlantic spring phytoplankton bloom and Sverdrup’s critical depth hypothesis. 
Science 296(5568), 730–733, https://doi.org/10.1126/science.1069174 (2002).
 48. Intergovernmental Panel on Climate Change. Ocean systems. In Climate change 2014: impacts, adaptation, and vulnerability. 
Cambridge University Press (2014).
 49. Martinez, E., Raitsos, D. E. & Antoine, D. Warmer, deeper, and greener mixed layers in the North Atlantic subpolar gyre over the last 
50 years. Global Change Biol. 22(2), 604–612, https://doi.org/10.1111/gcb.13100 (2016).
 50. Chaidez, V., Dreano, D., Agusti, S., Duarte, C. M. & Hoteit, I. Decadal trends in Red Sea maximum surface temperature. Sci. Rep. 7, 
8144, https://doi.org/10.1038/s41598-017-08146-z (2017).
 51. Cai, W. et al. Increasing frequency of extreme El Niño events due to greenhouse warming. Nat. Clim. Change 4(2), 111–116, https://
doi.org/10.1038/nclimate2100 (2014).
 52. Richter, C., Wunsch, M., Rasheed, M., KoÈtter, I. & Badran, M. I. Endoscopic exploration of Red Sea coral reefs reveals dense 
populations of cavity-dwelling sponges. Nature 413(6857), 726–730, https://doi.org/10.1038/35099547 (2001).
 53. Yahel, G., Marie, D., Beninger, P. G., Eckstein, S. & Genin, A. In situ evidence for pre-capture qualitative selection in the tropical 
bivalve Lithophaga simplex. Aquatic Biol. 6(1–3), 235–246, https://doi.org/10.3354/ab00131 (2009).
 54. Erez, J. On the importance of food sources in coral-reef ecosystems. Ecosystems of the world. 25, 411–418 (1990).
 55. Lo‐Yat, A. et al. Extreme climatic events reduce ocean productivity and larval supply in a tropical reef ecosystem. Global Change Biol. 
17(4), 1695–1702, https://doi.org/10.1111/j.1365-2486.2010.02355.x (2011).
 56. Cushing, D. H. The production cycle and the numbers of marine fish. Symp. Zool. Soc. Lond 29, 213–232 (1972).
 57. Cushing, D. H. Plankton production and year-class strength in fish populations: an update of the match/mismatch hypothesis. Adv. 
Mar. Biol 26, 249–293, https://doi.org/10.1016/S0065-2881(08)60202-3 (1990).
 58. Henson, S. A., Dunne, J. P. & Sarmiento, J. L. Decadal variability in North Atlantic phytoplankton blooms. J. Geophys. Res. Oceans 
114(C4), https://doi.org/10.1029/2008JC005139 (2009).
 59. Cole, H. S. The natural variability and climate change response in phytoplankton phenology. Doctoral dissertation, University of 
Southampton (2014).
 60. Sofianos, S. & Johns, W. E. Water mass formation, overturning circulation, and the exchange of the Red Sea with the adjacent basins. 
In The Red Sea, 343–353 (Springer Berlin Heidelberg, 2015).
 61. Brewin, R. J. et al. Regional ocean-colour chlorophyll algorithms for the Red Sea. Remote Sens. Environ. 165, 64–85, https://doi.
org/10.1016/j.rse.2015.04.024 (2015).
 62. Sathyendranath, S. et al. Ocean Colour Climate Change Initiative—Approach and initial results. In Geoscience and Remote Sensing 
Symposium (IGARSS), 2012 IEEE International, 2024–2027, IEEE.
 63. Dreano, D., Raitsos, D. E., Gittings, J., Krokos, G. & Hoteit, I. The Gulf of Aden Intermediate Water Intrusion Regulates the Southern 
Red Sea Summer Phytoplankton Blooms. PloS one 11(12), https://doi.org/10.1371/journal.pone.0168440 (2016).
 64. Gittings, J. A. et al. Seasonal phytoplankton blooms in the Gulf of Aden revealed by remote sensing. Remote Sens. Environ. 189, 
56–66, https://doi.org/10.1016/j.rse.2016.10.043 (2017).
 65. Brody, S. R., Lozier, M. S. & Dunne, J. P. A comparison of methods to determine phytoplankton bloom initiation. J. Geophys. Res. 
Oceans 118(5), 2345–2357, https://doi.org/10.1002/jgrc.20167 (2013).
 66. D’Errico, J. Interpolate NaN elements in a 2D array using non-NaN elements. MATLAB Central File Exchange: http://www.
mathworks.com/matlabcentral/fileexchange/4551-inpaint-nans (2012).
 67. Truong, M. K., Whilden, K. A., Socolofsky, S. A. & Irish, J. L. Experimental study of wave dynamics in coastal wetlands. Environ. 
Fluid Mech. 15(4), 851–880, https://doi.org/10.1007/s10652-014-9384-x (2015).
 68. Zhai, L., Platt, T., Tang, C., Sathyendranath, S. & Hernández, W. Phytoplankton phenology on the Scotian Shelf. ICES J. Mar. Sci. 
68(4), 781–791, https://doi.org/10.1093/icesjms/fsq175 (2011).
 69. Yao, F. et al. Seasonal overturning circulation in the Red Sea: 1. Model validation and summer circulation. J. Geophys. Res. Oceans 
119(4), 2238–2262, https://doi.org/10.1002/2013JC009004 (2014).
 70. Kalnay, E. et al. The NCEP/NCAR 40-year reanalysis project. B. Am. Meteorol. Soc. 77(3), 437–471, https://doi.org/10.1175/1520-
0477(1996)077<0437:TNYRP>2.0.CO;2 (1996).
 71. Dong, S., Sprintall, J., Gille, S. T. & Talley, L. Southern Ocean mixed‐layer depth from Argo float profiles. J. Geophys. Res. Oceans, 
113(C6), https://doi.org/10.1029/2006JC004051 (2008).
 72. Viswanadhapalli, Y., Dasari, H. P., Langodan, S., Challa, V. S. & Hoteit, I. Climatic features of the Red Sea from a regional assimilative 
model. Int. J. Climatol. 37(5), 2563–2581, https://doi.org/10.1002/joc.4865 (2016).
 73. Skamarock, W. C. et al. A description of the Advanced Research WRF, version 2, NCAR Tech. Note, 468+STR, Natl. Cent. for Atmos. 
Res., Boulder, Colo (2005).
 74. Langodan, S. et al. The climatology of the Red Sea–part 1: the wind. Int. J. Climatol. https://doi.org/10.1002/joc.5103 (2017).
Acknowledgements
The authors are grateful to the ESA Ocean Colour CCI team for providing and processing the Chl-a dataset. We 
also acknowledge the NOAA National Oceanographic Data Centre (NODC), the University of Miami Rosenstiel 
School of Marine and Atmospheric Science (RSMAS) and the NASA Physical Oceanography Distributed Active 
Archive Centre (PODAAC) for making the GHRSST AVHRR_OI dataset available. The authors also thank Dr 
Hari Dasari for providing modelled outputs of heat fluxes, and Dr Marie-Fanny Racault for her valuable input 
regarding the implementation of the phenology threshold criterion algorithm. This publication is based upon 
work supported by the King Abdullah University of Science and Technology (KAUST) Office of Sponsored 
Research (OSR) under Award No. 3268.
www.nature.com/scientificreports/
1 2SciEnTific REPoRTS |  (2018) 8:2240  | DOI:10.1038/s41598-018-20560-5
Author Contributions
J.A.G., D.R.E. and I.H. designed the research; J.A.G., D.R.E. and G.K. carried out the data analysis; G.K. provided 
modelled outputs of vertical temperature profiles and mixed layer depth; J.A.G. wrote the paper; J.A.G. produced 
the figures; all of the authors contributed to the discussion and edited the paper.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
